Aim-Gap-junctional connexin43 (Cx43) has roles in multiple aspects of skin wound healingincluding scarring. The aim here was to study the effects of a cell-permeant peptide from the Cx43 carboxyl-terminus (CT) on scarring and regeneration following cutaneous injury.
The gap junction (GJ) is an aggregate of intercellular channels that provides for direct cell-tocell interchange of metabolites, ions and other small molecules of approximately 1000 Da or less [1, 2] . The individual channels of GJ aggregates in vertebrates are composed of integral membrane proteins encoded by the connexin family of genes, of which more than 20 members have been recognized [3] . It is well established that GJs, and the connexin subunits of GJs, function in various aspects of wound healing [4] [5] [6] . Reports for such functions have included roles for GJs and connexins in intercellular spread of injury signal, immune cell extravasation, inflammation, re-epithelization, wound closure and formation of the scar progenitor, granulation tissue. Intercellular communication is thought to be one aspect of GJ-based mechanisms regulating and affecting the response of tissues to injury [4,6-10]. There is also mounting evidence that connexins may contribute to wound repair processes without recourse to direct cell-cell communication [5, 11] .
The connexins show differential patterns of expression within skin [12] [13] [14] [15] [16] [17] [18] . Mutations in connexins have been linked to inherited cutaneous disease in humans [19, 20] . Connexin43 (Cx43) is expressed in the dermal and epidermal layers of skin [13, 14, [16] [17] [18] 21] . Previous studies have demonstrated the effects of targeting Cx43 in skin wound healing [13, 14, 21, 22] . In a study by Becker, Green and co-workers, downregulation of Cx43 mRNA by antisense in mouse was demonstrated to accelerate healing following skin wounding, associated with upregulated expression of TGF-β1 mRNA, promotion of fibroblast proliferation and motility in vitro and more active granulation in vivo [14, 21] . In another report from the same group, it was shown that a similar antisense strategy enhanced re-epithelization of a diabetic skin model in mouse [22] . While the mechanism of Cx43 action remains to be determined, Cx43 has recently been identified as a direct and positive regulator of the TGF-β signaling, promoting the release of Smad2 bound to β-tubulin [23] .
The C-terminus (CT) of Cx43 is a substantial (>120 amino acids) and important regulatory domain [2, 10] . We reported on a 25 amino acid peptide comprised of an antennapedia cell internalization sequence linked to the CT-most nine amino acids of the full-length Cx43 CT domain [24] . This short sequence incorporates multiple protein binding sites including a postsynpatic density 95/discs large/zonula occludens-1 (PDZ) class II-binding motif. The peptide has been demonstrated to bind to the second PDZ domain (PDZ2) of zonula occludens (ZO)-1, thereby competitively inhibiting the interaction of endogenous Cx43 molecules with ZO-1. ZO-1 is a member of the membrane-associated guanylate kinase (MAGUK) family of proteins and was originally discovered via its association with the tight junction [25] . In addition to interacting with actin, connexins and tight junction proteins, ZO-1 has been shown to bind to components of cadherin-containing junctions [26] and may function in reepthelialization of the cornea following injury [27] .
In earlier studies of Cx43-expressing cells in vitro we showed that the inhibitory peptide reduced ZO-1 localization at the periphery of GJs and mediated increases in size of GJ channel aggregates, without affecting bulk levels of Cx43 [24] . The rationale for studies of the effect of the Cx43 CT peptide in skin wound healing in vivo came initially from observations made in 'scratch wound' assays of fibroblast monolayers in vitro [28] . Our data indicate that the inhibitory peptide reduces the area of granulation tissue and promotes regeneration of cutaneous structure/function following cutaneous injury in vivo. These changes to the healing progression are presaged by inhibition of neutrophil infiltration and acute alterations in Cx43 organization in wound epidermal cells, including increased GJ size in response to the inhibitory peptide.
Materials & methods

Animals
All procedures were performed in accordance with the Guide for Use of Experimental Animals at the Medical University of South Carolina (South Carolina, USA) and conformed to the NIH Animal Care and Use Guidelines (Publication No. 85-23, revised 1985) .
Anesthesia-Adult 3-4 month old CD-1 mice (Charles River Laboratories, Wilmington, MA, USA) were anesthetized using a combination of ketamine at 75 mg/kg (Fort Dodge Laboratories Inc., Fort Dodge, IA, USA), xylazine at 15 mg/kg (LLOYD Laboratories, Shenandoah, IA, USA), and acepromazine at 0.2 mg/kg (Boehringer Ingelheim, St. Joseph, MO, USA). Neonatal mice were sedated by placing them on ice to induce hypothermia. Swine 20-25 kg (Palmetto Research Swine, Reevesville, SC, USA) were preanesthetized with ketamine 33 mg/kg and acepromazine 1.1 mg/kg subcutaneously followed by induction with 1.5 minimum alveolar concentration isofluorane.
Peptide sequences-α-connexin carboxyl-terminal (ACT1) peptide corresponds to a short sequence at the Cx43 CT linked to an antennapedia internalization sequence (RQPKIWFPNRRKPWKKRPRPDDLEI) as described and characterized by Hunter et al. [24] . A peptide comprising only the antennapedia portion of the ACT1 peptide sequence (RQPKIWFPNRRKPWKK) was used as a control. Other Cx43 peptides used include ACT2 (RPRPDDLEI), and ACT3C (RQPKIWFPNRRKPWKK RPSSRASSRASSRPRPDDLEI). Detection of peptide in vivo & antibody protocols-Three-day old mouse pups were desensitized using hypothermia. A 4 mm incisional skin wound was made using a scalpel through the entire thickness of the skin (down to the level of the underlying muscle) in the dorsal midline between the shoulder blades. A 30 μl solution of 30% pluronic (F-127, stock No. P2443, Sigma, MO, USA) gel containing either no or dissolved peptide at a concentration of 60 μM was then applied to the incisional injuries. Skin samples were collected at 2 and 6 h postwounding to determine peptide levels in the samples using anti-Cx43 (stock no. C6219, Sigma, MO, USA) immunoblots, streptavidin alkaline phosphatase (AP; stock no. S921, Molecular Probes, OR, USA) blotting and fluor-conjugated streptavidin microscopy as previously detailed in Hunter et al. [24] .
Western blot analysis-Skin samples were flash frozen in liquid nitrogen and then stored at −70°C until processing. Frozen tissue was pulverized in a liquid nitrogen prechilled biopulverizer to a fine powder. The powdered samples were then added to a tube containing 900 μl of lysis buffer (50mMTris-HCL, pH7.5, 1% Triton-X-100, 1% sodium deoxycholate, 0.5% SDS, 0.01 M ethylenediaminetetra-acetic acid, 0.05 M NaF, 1 mM dithiothreitol, 1 mM phenylmethanesulphonylfluoride, 1 mM Na3VO4, Roche complete mini's). Lysates were rotated at 4°C for 30 min with vortexing at 10 min intervals. Samples were triturated using a syringe with a 22-guage needle six times and incubated with vortexing at regular intervals for an additional 60 min. The samples were then cleared by centrifugation at 10,000 rpm for 10 min. Protein concentration was determined by Bio-Rad Micro-BCA (Fisher Scientific, VA, USA). 75 μg samples were heated at 95°C in Lammeli sample buffer for 5 min. Samples were resolved on a 10-20% Tris-HCL Criterion 345-0042 gel, and transferred at 12 V for 20 min on Bio-Rad semi-dry apparatus to PVDF Immobilon-PSQ, 0.2 μm membrane (Fisher Scientific, VA, USA). The membrane was rinsed, and blocked in 5% bovine serum albumin/ Tris-buffered saline Tween-20 for 1 h. For detection using antibodies against Cx43 CT, primary antibody (Sigma C6219 1:2000 in block) was added and incubated overnight at 4°C. Secondary antibodies at 1:10000 (goat antirabbit AP SBI 4010-4014, Biotin-AP Molecular Probes S-921) were added and incubated at room temperature for 1.5 h. AP was detected with Tropix CDPStar chemiluminesence followed by Nitro-Blue tetrazolium chloride/5-bromo-4-chloro-3′-indolyphosphate p-toluidine colorimetric development. For detection of the biotin tag on the amino terminal in blots, streptavidin horse radish peroxidase (HRP; GE Healthcare, Piscataway, NJ, USA) was used as described in Hunter et al. [24] .
In situ detection of peptide-A number of 2 mm punch excisions were made on 3-day old neonatal mice. To detect the distribution of peptide, whole-mount skin samples from the wounded area were dissected 2 h post-application of 60 μM ACT1 peptide, fixed in 2% paraformaldehyde at 40°C for 20 min and washed in PBS. Subsequently, samples were incubated in streptavidin (Alexa 594) (Molecular Probes, Eugene, OR, USA), at 1:500 for 3 h at room temperature. Following staining, samples were washed three times for 1 h each, mounted and imaged as a whole mount on a Leica SP2 laser scanning confocal microscope (LSCM).
Immunohistochemistry-Double immunolabeling was undertaken using antibodies against Cx43 and ZO-1, as described previously [24] . Measurements of immunolabeled Cx43 GJ particle size, numerical density and overall area of Cx43 was as described previously [24, 28] . Microscopy was undertaken using a Leica SP2 LSCM using standard modalities.
Skin wound models
Full-thickness 4mm incisional wounds on neonatal CD-1 mice were treated with either 20% pluronic (F-127, stock no. P2443, Sigma, USA) gel vehicle containing either no (i.e., control, n = 12) or dissolved 60 μM ACT1 peptide (i.e., treatment, n = 12). Peptide in this, and subsequent experiments, was applied to wounds twice, first immediately after wounding and a second time 24 h later. Wounds were imaged using a Leica MZ FLIII stereomicroscope with an attached Hamamatzu C5180 RGB camera linked to a computer at 6 and 24 h, and 2, 3, 4 and 7 days postwounding. Full-thickness 5 mm excisional wounds on adult CD-1 mice were treated with 20% pluronic gel containing either no (i.e., control, n = 102) or dissolved 60 μM ACT1 peptide (i.e., treatment, n = 95). Mice were anesthetized as described above and wounds were imaged at 1, 4, 7 and 10 days postwounding, except for two experiments that were extended beyond 10 days for imaging at 15, 21, and 30 days postwounding. Data were accumulated in nine independent experiments with 8-16 animals each in treatment and control groups in each experiment. Over 700 wound images were measured for closure, as well as redness, and scarring (see later). For pigs, six full-thickness 1 cm excisional wounds, three each at paired locations on either side of the dorsal midline. Wounds on one side received ACT1 and the opposite side of the animal received a vehicle control. A 500 μl solution of 20% pluronic gel containing either no or dissolved peptide at a concentration of 100 μM was then applied to the injuries. The wounds were monitored for 30 days and then biopsied under anesthesia.
Histological & functional assessments of healing Wound redness & scarring on adult mouse wounds
The images of adult mouse excisional wounds from the nine experiments were visually scored by two independent observers blind to treatment for redness/swelling at 24-h and 4-day timepoints, and overall appearance/scarring (i.e., relative degree of discoloration and smoothness) 7 and 10 days postwounding, using methods similar to those described by Qiu et al. [14] . Each wound was assigned a score from 0-5 by each observer and the final score for each wound was the mean score of the two observers. For the redness index, a lower number corresponded to a reduced presumed level of initial inflammation. For overall appearance/scarring, a higher number was assigned to wounds with a higher relative degree of discoloration and increased smoothness. For quantitative assessment of wound closure, area of each wound at each time point was measured blind to treatment using ImageJ software.
Neutrophil density in neonatal wounds-Neutrophil density was assessed using a novel whole-mount technique. Two day-old neonatal mouse pups were desensitized by hypothermia. Full-thickness excisional wounds of 2 mm were made at least 1cm apart on either side of the dorsal midline using a 2 mm disposable biopsy punch (Miltex, Inc. Tuttlingen, Germany). Wounds were treated with either 60 μM ACT1 peptide or no peptide (vehicle control) in the wound beds -one treatment and one control per mouse. Whole-mount skin samples (pelts) containing both peptide and control wound pairs were obtained at 6 h (n = 6), 24 h (n = 7) and 48 h (n = 11) postwounding -treatment was repeated at 24 h postwounding for the 48 h time point. Pelts were rinsed in PBS, pinned to sylguard dishes, and reacted in Hanker-Yates Reagent (Sigma −3901-10VL): 10 mg/ml, 0.1 M Tris-HCl pH 7.6, 0.03% H 2 O 2 , 1% Triton-X-100 at 4°C for 15 min. The whole mounts were rinsed in PBS, flattened with glass shards and fixed overnight in 4% paraformaldehyde. The flattened and fixed samples were rinsed in water, dehydrated through 50, 75 and 100% alcohol series, and cleared to transparency using benzyl alcohol and benzyl benzoate 1:2 (Sigma, MO, USA). The cleared whole mounts were mounted ventrodorsal in benzyl benzoate and montage imaged using a 5× objective on a Leica leica microscope trademark (DMLR) microscope. Following generation of montages of each wound, a digital grid was placed over the montage and the total number of myeloperoxidasereacted cells was counted square by square blind to treatment to give an estimate of all neutrophils recruited to that wound. Neutrophils were counted on 21 montages of the whole mounts, each comprises 30-50 images taken using a 5× objective on a Leica DMLR microscope and digital camera.
Neutrophil density in adult wounds-Owing to the increased thickness of skin with age, a similar whole-mount approach to that used in neonates could not be used to assess neutrophil recruitment in adults. The thickness of adult skin affects the ability to stain, fix and clear whole mounts. More importantly, owing to the numerical aperture of the objective, imaging of the total neutrophil density throughout the axial width of adult skin samples was not possible. Skin samples from adult mouse excisional skin injuries were obtained at 24 h and 4 days postwounding, paraffin embedded and sectioned at 10 μm. Three treatment and three control wounds were assessed at the two time points. Five cross sections in the dorsoventral plane through the center of each wound were stained with H&E using standard protocols. Neutrophils were counted in four standardized locations per section within the wound site based on the characteristic nuclear morphology of these cells using a 63× objective on a Leica DMLR microscope.
Epidermal neogenesis, granulation area & vascular density measurements-
Paraffin-embedded tissue sections were obtained for histological analysis using standard procedures. Counts of epidermal rete pegs [29] were carried out in 20× fields using H&E-stained 10 μm tissue sections. For mice, four control and four treatment excisional wounds were measured. For pigs, three treatment and three control wounds were measured. Granulation area was measured in the same wounds (five and three sections from the wound center for mice and swine respectively) using images from 5× objective fields taken with the Leica DMLR microscope and digital camera.
Quantification of α-smooth muscle actin-positive (sma + ) cells were undertaken on sections through unwounded pig skin and from the center of the same excisional wounds used for rete peg counts. Immunofluorescent-labeling for sma was undertaken as described in Hewett et al. [30] . DAPI-positive nuclei colocalized with sma + in vascular structures were counted in 40× fields taken using the Leica DMLR microscope in fluorescence mode with attached digital camera. Eight images were taken per section and three sections were sampled from each of the three treatment and three control wounds (i.e., n = 6 with 24 images sampled from each wound for the quantification).
Tensile strength measurements-As we have described previously, breaking stress/ tenacity and extension of a biological material stretched until failure will correlate with the mechanical properties of its weakest element [31] . For a strip of tissue of uniform material properties, this weakest element will generally correspond to its segment of narrowest crosssectional dimension with respect to the axis of strain. For a strip of uniform dimensions, but of variable composition, the element that fails will correlate with the tissue sector composed of the weakest material in the strip. We thus tested narrow (5 mm at their narrowest width) strips of skin of constant dimensions ( Figure 8B ) to failure, to obtain mechanical stress and strain at break indices for the weakest structural element within these skin strips. Prior to testing, the thickness of strips was measured at the segment of narrowest width by Vernier caliper for the purpose of calculating breaking stress. No significant difference in thickness was detected between treatment and control groups. Testing was done on a MTS 858 Mini Bionix tensile strength testing machine (MTS Systems Corporation, MN, USA) equipped with a 5 kg load cell. The strips of skin containing healed mouse wounds at 30 (n = 4 control, n = 6 treatment) and 90 days (n = 12 control, n = 12 treatment) postwounding were extended to failure. Gauge length was set at a constant 1 cm and the strip was extended-to-break at 0.5 mm/s. Tensile strength at break (stress), and extension-to-break (strain) were calculated from recorded forceextension charts as follows:
The parameters for each wound skin strip were normalized to measurements obtained from an unwounded skin strip collected nearby from the same animal.
Statistical analysis
T-test was used for statistical analysis of data. Bonferroni's correction was applied. The Wilcoxin matched-pairs signed-ranks test was used for neutrophil counts in the whole-mount neutrophil assay.
Results
Effect on incisional wound healing in neonatal mice
The Cx43 CT peptide ACT1 ( Figure 1A ) was applied in 20% pluronic gel to full-thickness incisional wounds between the shoulder blades on the dorsal midline of 12 neonatal mice ( Figure 1B-M) . Over a 7-day time course, it was observed that peptide-treated wounds closed faster, appeared less swollen and inflamed, gaped less, and healed with a smoother, less-scarred appearance than control wounds (20% pluronic vehicle, n = 12). Of note, control wounds typically displayed swellings at the wound edge over the first 4 days postinjury ( Figure 1I & J), that were not detectable or reduced in wounds at corresponding time points treated with peptide. We concluded that ACT1 treatment resulted in an altered progression of healing following incisional wounding in neonatal mice.
Distribution of ACT1 in wounded cutaneous tissue
Next, levels of peptide acutely present in and around wounded skin were assessed in neonatal mice. Figure 2 shows a western blot of ACT1 2 and 6 h postapplication as detected by an antibody against the CT of Cx43 (Figure 2A) and binding of streptavidin-HRP to the biotinylated N-terminal of ACT1 ( Figure 2B ). The figure shows that ACT1 is detectable in wounds by the two probes at both time points, though is fainter at 6 h. Streptavidin detected the peptide as a single band less than 10 kDa. In the case of the antibody against the Cx43, the ACT1 band is observed, as well as prominent bands at 42-45 kDa consistent with phosphoisoforms of endogenous Cx43. Less prominent and faster-migrating polypeptides not corresponding to added exogenous peptide or full-length Cx43 were also present on blots of both wounded and nonwounded neonatal skin ( Figure 2A) .
To assess the spread of the Cx43 CT peptide following application to wounded tissue, we undertook confocal optical sectioning of whole-mount skin samples from neonates labeled with fluor-conjugated streptavidin to detect the biotinylated peptide 2 h postwounding. The peptide could be observed in tissues surrounding the wound edges ( Figure 2C & E) . However, fluorescent signal was not present in tissues surrounding control wounds that had received vehicle, but no peptide ( Figure 2D & F) .
Effect on excisional wound healing in adult mouse
After observing that ACT1 peptide altered wound healing in neonates, we next assessed excisional wounds in adult mice, using a similar strategy. As in neonates, excisional wounds in adult mice treated with peptide closed faster, appeared less swollen and inflamed, and healed with a less discolored appearance than control counterparts over a 10-day time course (Figure 3A-J). Quantification of wound closure demonstrated (p < 0.0001), and this difference was maintained at 4 (p < 0.0001), 7 (p < 0.0001) and 10 (p < 0.01) days postwounding ( Figure 3K ). These studies were undertaken in nine experiments each with eight to 16 animals in treatment and control groups. The p values for the effect of ACT1 in each of the nine experiments were 0.04, 0.02, 0.007, 0.005, 0.004, 0.024, 0.12, 0.05, 0.04 respectively; for instance, closure rate was significantly accelerated by ACT1 in eight of the nine experiments.
Qualitative assessments of redness and scarring/appearance of wounds were made by independent observers blind to treatment. Wounds treated with the Cx43 CT peptide demonstrated significantly reduced redness ( Figure 3L ) at 24 h (p < 0.0001) and 4 days (p < 0.001) postwounding and significantly improved overall appearance ( Figure 3M ) at 7 (p < 0.0001) and 10 (p < 0.0001) days postwounding. The improvement in the appearance of wounds was maintained (p < 0.05) in two further experiments that were extended beyond 10 days to 15, 21 and 30 days postwounding (data not shown).
Effect of molecules related to ACT1
In addition to ACT1 (Figure 3) , we designed and/or tested a number of peptide variants on adult wounds ( Figure 4A-E) . These included a control peptide containing the antennapedia sequence incorporated within ACT1 peptide (Antp), a peptide corresponding to the CT nine amino acids of Cx43 with no attached antennapedia sequence (ACT2 peptide), a peptide comprising the antennapedia sequence linked to a nonconnexin class II PDZ-binding domain (from ErbB2) and a peptide comprising antennapedia sequences fused to the CT-most 21 amino acids of Cx43 (ACT3).
The effects of Antp alone ( Figure 4B ) was indistinguishable from that of pluronic vehicle ( Figure 3F-J) and also from what could be seen on untreated wounds that had not been exposed to either peptide or vehicle ( Figure 4A ), suggesting that neither Antp nor pluronic gel accounted for the effects on wound closure of ACT1 treatment. Similarly, the peptide incorporating the ErbB2 CT sequence had no significant influence on closure, suggesting that the results for ACT1 were not a general property of PDZ-binding domains ( Figure 4E) . ACT3, the peptide containing the longer Cx43 CT sequence, accelerated wound closure compared with controls, though to a lesser degree than ACT1 ( Figure 4D ). This suggested that while the longer ACT3 sequence promoted closure, the sequence necessary for optimized effects on healing was present in the last nine or fewer amino acids of the Cx43 CT. Interestingly, ACT2, the Cx43 CT sequence that did not incorporate N-terminal Antp, also accelerated closure ( Figure 4C ). Short peptides can be taken at reasonable efficiency by some cells. Arginines at the N-terminal of ACT2 may also confer cell-penetrating activity in the absence of antennapedia. However, ACT2 also did not increase closure rate to the same degree as ACT1, suggesting that intracellular delivery of the Cx43 CT was required for the efficient deployment of peptide bioactivity.
Effect on neutrophil density
Figures 1 & 3 suggested that ACT1 had affects on the early inflammatory response. We thus undertook quantitative analyses of effects on recruitment of neutrophils in neonatal and adult wounds ( Figure 5) . To do this a novel assay was developed. In brief, bilateral 2 mm excisions were made adjacent to the dorsal midline of neonatal mice, one wound being treated with ACT1, the other receiving vehicle control ( Figure 5A-C) . Rectangular 'pelts' containing ACT1-treated and control wounds on the same animal were obtained at 6 ( Figure 5A ), 24 ( Figure 5B ) and 48 h ( Figure 5C ) postwounding, myeloperoxidase-reacted to localize neutrophils, fixed and cleared to transparency with benzyl alcohol and benzyl benzoate. Using this technique, the distribution and number of all neutrophils within the full 3D volume of each wound field could be assessed.
There was a significant reduction (p < 0.03-0.001) in neutrophil density at ACT1-treated wounds relative to controls in neonates at all time points ( Figure 5E ). Consistent with the wellestablished pattern, neutrophil density peaked at 24 h, falling off at 48 h ( Figure 5E ). Neutrophils in ACT1-treated wounds were frequently sequestered in blood vessels ( Figure  5C&D ), suggesting that reduced recruitment of neutrophils in treated wounds may have resulted from inhibition of leukocyte transmigration.
Owing to the increased thickness of skin with age, a whole-mount approach could not be used to assess neutrophils in adults. Neutrophil numbers were therefore counted in histological sections taken within the midplane of ACT1-treated and control excisional wounds at 24 h and 4 days. Consistent with our results in neonates, significant decreases in the density of neutrophils were detected in ACT1-treated adult wounds relative to controls at both time points (p < 0.01-0.001) (Figure5F).
Effect on epidermis & granulation tissue
Epidermal structure and granulation tissue deposition were assessed in tissue sections from adult mouse excisional wounds at 10 days postwounding ( Figure 6A-F) . The newly formed epidermal layer covering control wounds was typically uniform, nonundulating and unlike unwounded skin ( Figure 6D ). The neoepidermal tissue in control wounds demonstrated little evidence of complexity, including an absence of epidermal invaginations known as rete pegs. By contrast, the epidermis of ACT1-treated wounds was histologically more complex ( Figure  6A&B ), displaying undulation, involution and a significant fourfold increase (p < 0.05) in rete pegs compared with controls ( Figure 6E) . In a complementary change in wound structure, measurements from histological sections indicated that granulation tissue area was significantly reduced (p < 0.0001) in ACT1-treated wounds relative to controls ( Figure 6F ).
The effects of ACT1 peptide on wound healing in adult mice led us to determine whether a similar response occurred in the pig. The swine is a well-accepted wound healing model owing to its relatively hairless, taut skin, said to resemble that of humans. As in mouse, peptide-treated pig wounds at 30 days postwounding demonstrated large numbers of rete pegs ( Figure 6G & H) . By contrast, the healed epidermis of control wounds was distinctive in lacking rete pegs ( Figure 6I & J) . The difference in rete pegs between treatment and control was significant (p < 0.0001) ( Figure 6K ). ACT1-treated wounds also demonstrated a significant reduction (p < 0.0002) in granulation tissue area as compared with control wounds (Figure 6G-J&L) .
Effect on dermal vascular pattern
Histological sections of the pig samples were stained using antibodies against sma to evaluate blood vessel density within unwounded skin and wound granulation tissue (Figure 7) . Figure  7A -C are montages from sma-immunolabeled sections and show extended views that span from the epidermis to the dermal base. The section planes are identical to those illustrated in Figure 6G & I and the long axis of each montage is centered on the wound midline. In unwounded skin, sma + vessels were notably denser subepidermally than in the superficial dermis ( Figure 7A ). In sections of healed, ACT1-treated wounds, the density of sma + profiles in the subepidermis was also higher than in deeper regions of dermis, albeit not as elevated as in unwounded skin (compare Figure 7A & B) . In contrast to unwounded and healed peptidetreated wounds, vehicle control wounds showed no evidence of increased subepidermal vascular density, instead displaying a uniform distribution of small blood vessels in granulation tissue from the superficial to the basal dermis. Counts of nuclei colocalized with sma + vascular profiles confirmed (p < 0.05) the qualitative assessment of an increased density of superficial blood vessels in unwounded skin and ACT1-treated wounds ( Figure 7D-F) . ACT1 treatment thus prompted a partial re-establishment of vascularization in the superficial dermis following wounding.
Effect on mechanical properties of healed skin
Thin strips of skin from healed excisional wounds and adjacent unwounded skin (from adult mice 1 and 3 months postinjury) were strained to break to assess the mechanical properties of wounded tissues at failure. Measurements at failure were carried out so that the tenacity and extensibility of the weakest material in the strip would be assessed; for instance, the healed wound or tissue at the interface of scar and normal cutaneous tissue. Figure 8A shows ACT1-treated and control wounds 3 months postwounding. As can be seen from these images, improvement in overall appearance of the healed wounds is maintained at 3 months. Representative force-extension curves are shown in Figure 8C & D. At 1 month, ACT1-treated wounds showed no significant improvement over controls for stress-at-break and strain-atbreak. However, both indices of mechanical failure demonstrated significant increases at 3 months (p < 0.05) in peptide-treated wounds compared with controls ( Figure 8E & F) . The failure strain of ACT1-treated wounds at 3 months was 90% of unwounded skin ( Figure 8F ). By contrast, control wounds at 3 months remained only approximately 60% as extensible as normal skin at break (Figure8F).
Effects on epidermal Cx43 & ZO-1 protein distribution
Cx43 protein at the wound edge decreases naturally in the epidermis over 24-48 h [14, 18] . Consistent with this, at 24 h we found that Cx43 immunolabeling levels were decreased in epidermal cells proximal to the wound compared with distal keratocytes in our standard mouse excisional injury model ( Figure 9A-F) . Moving from the wound edge, Cx43 particles (i.e., presumptive GJs) were first observed between basal epidermal cells, but were found at both basal and apical cells more distally ( Figure 9E & F) . ZO-1 immunolabeling was elevated in the cytoplasm of epidermal relative to dermal tissues. Apically located epidermal cells demonstrated prominent stripes of ZO-1 at cell borders (arrowheads, Figure 9E & F) . There was a decrease in this apically localized staining in cells proximal to the wound edge and this reduction appeared to be more pronounced in ACT1-treated keratocytes than in controls. Cx43 was not co-localized within these apical stripes of ZO-1 immunolabeling. In general, elevated levels of cytoplasmic ZO-1 in epidermal cells made assessment of Cx43-ZO-1 association problematic.
To investigate Cx43 levels and organization in the epidermis, well-established quantitative methods (e.g., [24] ) were used to measure Cx43 particle size (i.e., Cx43 GJ size), particle numerical density and total area of immunolabeled Cx43 particles in paired peptide and control wounds on the same five adult mice ( Figure 9G-I) . To obtain information on how these Cx43 parameters varied in the epidermis as a function of proximity to the injury, measurements were undertaken from the wound edge in ten contiguous segments, each containing ten basal keratocytes in sequence (i.e., encompassing approximately 1 mm of epidermis from the wound edge). Total area of Cx43 immunolabeling in the epidermis did not significantly differ overall between ACT1 and control wounds. Similarly, the difference in total area of Cx43 between specific control and treated segments also did not reach p greater than 0.05. The numerical density of Cx43 particles was significantly (p < 0.05) reduced in peptide-treated wound epidermis relative to control between individual segments and overall -particularly in the segments of epidermis most distal from the wound edge ( Figure 9G ). The effect of treatment on number of Cx43 particles, but not total area of Cx43, was explained by a significant (p < 0.05) overall increase in the average size of Cx43 particles (i.e., GJs) occurring in ACT1-treated epidermal cells ( Figure 9I ).
Discussion
In this study, a membrane-permeant peptide incorporating the last nine amino acids of the Cx43 CT (ACT1) is shown to accelerate wound closure, enhance epidermal complexity, reduce granulation tissue area and increase breaking strength and extensibility of skin following cutaneous wounding in mice. The thick-skinned porcine model enabled resolution of a treatment-associated increase in superficial blood vessels that partially resembled the vascularization pattern of unwounded skin [32, 33] . The changes in the healing progression of skin prompted by ACT1 were preceded by reductions in neutrophil recruitment, as well as changes in the subcellular organization of Cx43 in epidermal cells, including increases in the size of presumptive GJs.
The results here are consistent with extensive data indicating that inhibition of inflammation correlates with accelerated progression of cutaneous wound healing [10, [34] [35] [36] [37] [38] [39] [40] [41] [42] . Following infiltration into the wound, hematopoietically derived cells (e.g., neutrophils and macrophages) generate reactive oxygen species, chemokines and cytokines that modulate chemotaxis and collagen deposition by scar-forming fibroblasts [10, 41] . Prevention of such inputs by inflammatory cells may be a factor in the mode of action of ACT1 in reducing granulation tissue. However, it remains to be determined whether this is the primary explanatory factor of mechanism. One notable caveat comes from a study in which antineutrophil antibodies were used to induce transient neutropenia in mice [42] . While a loss of inflammatory infiltrate resulting from this treatment accelerated wound closure, no difference was found in collagen levels between control and neutropenic mice. Moreover, it appears that the precursors of neutrophils and macrophages are not the only circulating cells contributing to injury repair. Evidence is mounting that granulation tissue is in part derived from blood-borne progenitors called fibrocytes [43, 44] . If circulating fibroblast progenitors were inhibited from infiltrating into the wound in a manner similar to that shown here for neutrophils (i.e., sequestration in blood vessels, inset Figure 5D ), then a loss of cellular substrate may be another aspect of mechanism for ACT1-mediated reduction in the granulation tissue.
Scar vascularization in humans has not been reported to differ from that of unwounded skin [45] . Here, we demonstrate that newly differentiated granulation tissue in pig wounds displays a uniform distribution of blood vessels and loss of the vascularization normally found in the dermal papillary layer. This difference may reflect species variance, although it is noteworthy that pigs and humans share related superficial to basal patterns of dermal vascularization [32, 33] . It may also arise because blood vessels take longer to repattern in the scar than the 30-day time course used in the present study. This being said, our data do indicate that the peptide prompted a partial re-establishment of superficial dermal vascularization in granulation tissue within a 30-day time period. Regenerative differentiation of dermis may contribute to the appearance of peptide-treated wounds, as also may the increased epidermal complexity apparently induced by ACT1 in pig and mouse. Epidermal rete pegs are present in unwounded skin and are thought to contribute to the appearance and mechanical properties of cutaneous tissues. Rete pegs also decrease with age -a change associated with reduced elasticity and increased fragility of skin in elderly people [46] . It has been long recognized by surgeons that 'give' (i.e., extensibility) in stitched wounds is beneficial to healing and scar reduction. The increases in rete pegs and improved mechanical characteristics ( Figure 8E-F) of ACT1-treated wounds may thus have implications for healing of surgical lesions closed by primary intention.
Previous work has indicated that expression of an exogenous gene sequence encoding greater than 130 amino acids of the Cx43 CT inhibited proliferation associated with nuclear localization of the gene product [47] . This polypeptide comprised the entire 'cytoplasmic tail' of Cx43, including its many protein-protein interaction sites [10, 48] . The antennapedia sequence incorporated in ACT1 targets its peptide cargo to the cytoplasm and not the nucleus [49] . Cytoplasmic targeting of ACT1 has been confirmed previously in HeLa cells [24] .
Comparison between ACT1 and a longer 21-amino acid sequence ( Figure 4D ) furthermore indicates that optimized bioactivity in wound healing is specified with the CT-most nine amino acids of Cx43. In addition, the observed response to ACT1 also does not appear to be a universal property of PDZ-binding ligands, as treatment of wounds with a peptide incorporating the class II domain of ErbB2 ( Figure 4E ) did not elicit similar effects as ACT1. Lindsey et al. have demonstrated matrix metalloproteinase (MMP)7-mediated cleavage of the endogenous Cx43 CT in a cardiac wounding model [50] . In silico analysis of Cx43 identified consensus MMP sites generating peptides resembling ACT-like sequences including the CT-most 20 amino acids of Cx43. These data, together with the bioactivity of synthetic ACT peptides demonstrated in the present study, raise the intriguing prospect that short peptides proteolytically generated from the endogenous Cx43 CT may be part of a naturally occurring response to tissue injury.
In studies of Cx43-expressing HeLa cells, it has been shown that ACT1 prompts redistribution of Cx43 from a detergent-soluble to an insoluble fraction without causing changes in overall levels of the protein [24] . This repartitioning within the total pool of Cx43 is associated with an increase in levels of higher-mobility phosphorylated isoforms of the protein, and an increase in the size and decrease in the number of GJ aggregates [24] . Based on these data, we have proposed that ACT1-targeting of ZO-1-Cx43 interaction leads to a shift of connexon distribution from nonjunctional pools to sequestration within GJs. Studies of Cx43 mutants rendered incompetent for ZO-1 interaction further provide support for the concept that the protein-protein interaction targeted by ACT1 is involved in GJ size regulation [51, 52] . The results shown here in epidermal cells parallel the observations reported in vitro [24] ; namely, that ACT1 treatment is associated with increases in GJ size and reductions in GJ number, but does not alter overall levels of Cx43 protein.
Active downregulation of mRNA and protein has been proposed as a key aspect of the mechanism by which Cx43-targeting treatments, such as antisense, beneficially alter the healing progression of wound healing [14, 21, 22] . However, we would reiterate that our data continue to strongly indicate that ACT1 has no affect on protein levels in cells and tissues expressing Cx43 (e.g., Figure 9 and [24] . It is thus concluded that the mode of action of ACT1 is distinct from that of Cx43 antisense. The specifics of this novel mechanism remain to be elucidated. The GJ size increase seen in epidermal cells proximal to the wound is further evidence that ACT1 prompts a shift in Cx43 distribution from nonjunctional to junctional pools. Whether or how an increase in the relative amounts of Cx43 sequestrated in GJ aggregates leads to accelerated wound healing remains to be understood. One avenue to further understand molecular mechanism may be to probe the unexpected linkage between Cx43 and TGFβ signaling identified initially by Hirschi, Dai and co-workers [53] . In particular it would be of interest to determine if and how shifts in the cellular distribution of Cx43 between nonjunctional and junctional pools affects the recently demonstrated ability of Cx43 to compete with Smad2 for β-tubulin binding [23] . As TGFβ activation is reduced by decreasing Cx43 in this model, reductions in nonjunctional Cx43 are an interesting aspect of ACT1 mechanism that warrant further exploration. That Cx43 not aggregated in GJs could be the locus of a regulatory interaction between the TGFβ pathway and Cx43 is consistent with a growing appreciation of nonjunctional roles for connexin proteins [5,11,54].
Conclusion
The Cx43 CT-peptide ACT1 promotes regenerative healing of cutaneous wounds. These changes in the healing progression are preceded by an ACT1-induced reduction in neutrophil infiltration and alterations in the organization of epidermal Cx43, including increased size of GJ aggregates.
Executive summary
▪ Prevention of scarring following cutaneous injury is an unmet clinical need. There is growing evidence of key roles for gap junctional connexin43 (Cx43) in wound healing -including in fibrotic scarring.
▪ Standardized mouse and pig models of skin wound healing were treated with α-connexin carboxyl-terminal (ACT1), a cell-permeant peptide incorporating a short sequence from the carboxyl-terminal (CT) of Cx43. Wounds were then assessed for structural and functional markers of inflammation, scarring and regenerative healing.
▪ The Cx43 CT peptide reduced the initial inflammatory response and area of scar progenitor tissue. Treatment was also associated with significant signs of regeneration including increased epidermal complexity and improvement of skin strength and extensibility.
▪ ACT1-mediated changes were not associated with downregulation of Cx43 in keratocytes, posited as a mechanistic aspect of how Cx43 targeting leads to enhanced wound healing. However, peptide bioactivity was marked by a change in the organization of Cx43 in the epidermis, as evidenced by increased gap junctional size.
▪ Additional therapeutic uses of ACT1 in implant biocompatibility and regenerative healing of injured heart, cornea, retina and spinal cord are currently being tested.
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Papers of special note have been highlighted as: are plots of quantitative data from paired control and ACT1-treated wounds on five mice. Shown are segment to segment variation along the wound epidermis in Cx43 particle (i.e., GJ aggregates) number (G), total area of Cx43 GJ immunolabeling (H) and Cx43 particle size from the segment most proximal to the wound edge (epidermal segment 1) to the most distal (epidermal segment 10). Each segment contains ten basal keratocytes in sequence. Regression lines represent a two-factor polynomial best fit to the variance patterns along the epidermis. Bar graphs of the overall mean and standard error pooled from the ten segments is given alongside the scatter plots for particle number and size, and total Cx43 area. ACT: α-connexin carboxyl terminal; Cx43: Connexin43; GJ: Gap junction; NS: Not significant (p >0.05); ZO: Zonula occludens.
